In the spin-crossover compound 3 tren](PF 6 ) 2 , (6-mepy) 3 tren = tris{4-[(6-methyl)-2-pyridyl]-3-aza-butenyl}amine, the high-spin state can be populated as a metastable state below the thermal transition temperature via irradiation into the metal to the ligand charge-transfer absorption band of the low-spin species. At 10 K, the lifetime of this metastable state is only 1 s. Despite this, it is possible to determine an accurate excited state structure by following the evolution of relevant structural parameters by synchrotron x-ray diffraction under continuous irradiation with increasing intensity. The difference in metal-ligand bond length between the high-spin and the low-spin states is found to be 0.192Å, obtained from an analysis of the experimental data using the mean-field approximation to model cooperative effects.
I. INTRODUCTION
Molecular iron(II) spin-crossover complexes 1, 2 have the ability to change their electronic distribution around the metal ions between the low-spin (LS) and the high-spin (HS) states under the effect of various external stimuli such as temperature, pressure, variation of ligand fields, magnetic field, or light irradiation. [3] [4] [5] [6] [7] [8] [9] The potential use of optical switching in data storage and display devices 10, 11 has raised a major interest in the LIESST (light-induced excited spin-state trapping) effect in which a metastable HS state is created by optical excitation at temperatures below the thermal spin transition. 8 The lifetime of the metastable HS state can vary over a wide range depending upon the zero-point energy difference between the two spin manifolds of a given system. 12 The dynamics of the HS → LS relaxation have been studied in a number of iron(II) spincrossover compounds using various techniques. 8, [13] [14] [15] [16] [17] [18] [19] Experimental results obtained at ambient temperatures have generally been discussed in terms of classical concepts of thermal activation. For [Fe(6-mepy) 3 tren](PF 6 ) 2 , (6-mepy) 3 20 In the diluted mixed crystal [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 (x = 0.0005), laser flash photolysis experiments showed the HS → LS relaxation to be a thermally activated process at temperatures above 100 K in accordance with the above. 21, 22 Below 100 K, however, there is strong deviation from classical behavior towards a temperatureindependent quantum-mechanical tunneling process at 10 K with a relaxation rate constant of 10 −1 sec −1 . 21 Due to the large volume change, V HL , [Fe(6-mepy) 3 tren](PF 6 ) 2 and diluted [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 are particularly interesting with respect to their thermal spin transition as well as the HS → LS relaxation behavior.
With regard to structural aspects of the light-induced metastable HS state, to date, most reports describe either the structure determination of systems with a very longlived metastable HS state at low temperature by means of conventional x-ray crystallography, [23] [24] [25] or recently probing short-lived metastable HS states at higher temperatures by means of ultrafast structural studies, [26] [27] [28] [29] where a population of the photoexcited HS state of only a few percents is achieved.
Here, we first discuss the thermal spin transition and the light-induced HS → LS relaxation behavior of [Fe(6-mepy) 3 tren](PF 6 ) 2 and [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 with x = 0.31 in the tunneling region. We then show that even for a lifetime of the metastable HS state of only a few seconds at 10 K, photocrystallographic studies under continuous irradiation can yield precise structural parameters of the metastable HS state.
II. EXPERIMENTAL
Single-crystals of [Fe(6-mepy) 3 tren](PF 6 ) 2 , [Zn(6-mepy) 3 tren](PF 6 ) 2 , and mixed [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 were synthesized according to previously reported literature procedures. 21, 30 The crystals of the zinc compound are colorless; those of the iron-containing systems are bright red at room temperature when predominantly in the HS state and dark red at low temperature when in the LS state. The batch concentration of Fe(II) in the mixed crystals was determined photometrically and found to be x = 0.31 (3) .
For optical investigations, crystals were mounted on copper plates with a small aperture (∼0.1 mm). For this, a small amount of silver contact paste was first administered around the aperture and then a small crystal (∼0.4 × 0.3 × 0.17 mm 3 ) was carefully placed so as to cover the aperture completely. Further silver paste was applied around the crystal so as to establish good thermal contact with the sample holder. The assembly was then fixed to the cold finger of a closed-cycle cryostat (Janis Research, SUMITOMO-SHI 4.5) capable of achieving a base temperature of 4 K and equipped with a programmable temperature controller (Lakeshore Model No. 331). High-quality single-crystal absorption spectra were recorded on a double beam spectrometer (Agilent Cary 5000) between 600-1400 nm during the cooling cycle from room temperature down to 10 K with a sweep rate of 0.5 K/min. The thermal spin transition was monitored via the evolution of 5 T 2 → 5 E band in the near-IR region (see below). For irradiation experiments as a function of laser power and temperature, excitation at 725 nm from a Ti:Sapphire laser (Spectra Physics Model 3900) was used. This wavelength is in the tail of the intense metal-ligand charge transfer (MLCT) band of the LS species and ensures sufficient penetration of the excitation light into the crystal. Given the lifetimes of light-induced HS state of only a few seconds, a system of electronically controlled shutters served to irradiate the samples with the laser light for a given interval and then to monitor the decay at a probe wavelength of 820 nm by using a home-built system consisting of a monochromator (Spex 280M) equipped with a CCD camera (Jobin-Yvon CCD 3500) and a PM (Hamamatsu R928), and a 50-W tungsten-halogen lamp as probe source. The signal from the PM was monitored by a multichannel scaler (Stanford Research SR400) or a digital oscilloscope (Tektronix TDK2000).
For photocrystallographic experiments, crystals of approximately 50 × 50 × 50 μm 3 were mounted on a cryoloop with silicon grease. Diffraction data at low temperature (10 K) in a helium open flow cryosystem (Oxford Diffraction Helijet) were collected at the Swiss Norwegian Beam Line (SNBL) BM01A at the European Synchrotron Radiation Facility (ESRF), Grenoble, France (synchrotron radiation λ = 0.69412Å), using a Pilatus2M pixel area detector from Dectris Ltd. The detector operates in single-photon counting mode. A diode pumped solid-state laser at 728 nm having an external power control and an electronically controlled shutter served to irradiate the sample in situ. A photograph of the setup is shown in Supplemental Material (see Fig. S1 ). 31 Diffraction data for [Fe(6-mepy) 3 tren](PF 6 ) 2 at 293 K were collected on an Agilent Supernova diffractometer with mirrormonochromated Cu[Kα] radiation (λ = 1.54187Å) and CCD camera. Data were corrected for Lorentz and polarization effects and for absorption. After cell refinement and data reduction were performed using the CrysAlisPro system, 32 all structures were solved by direct methods (SIR97) 33 and refined by full-matrix least-squares on F 2 using the SHELX 34 software package.
III. RESULTS AND DISCUSSION
A. Optical investigation Figure 1 shows the high-quality single-crystal absorption spectra of [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 with x = 0.31 and [Fe(6-mepy) 3 tren](PF 6 ) 2 , on cooling from room temperature to 10 K with a sweep rate of 0.5 K/min. The spectral evolution of the spin allowed HS d-d ( 5 T 2 → 5 E) band as observed in the near-IR region of the spectrum (∼900 nm) was monitored as a function of temperature. As shown in At the same time, the rise to the intense 1 MLCT band of the LS species moves to higher wavelengths. Therefore the evolution of the 5 T 2 → 5 E band can be used to extract thermal spin transition curves, that is, the HS fraction γ HS as function of T, upon normalization with respect to the d-d band intensity at room temperature. The normalization of the thermal spin transition curves was crosschecked by comparison with magnetic susceptibility measurements (see Fig. S2 in Ref. 31 ). The spectral discontinuity around 850 nm is due to an artifact from the source and detector change in the spectrometer. Additionally, the absence of any baseline shift during the thermal spin transition on cooling from room temperature is attributed to the absence of any crystallographic phase transition. Figure 2 presents the thermal spin transition curves of the mixed crystals [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 with x = 0.0005, 0.31 and [Fe(6-mepy) 3 tren](PF 6 ) 2 . The thermal spin transition curve for the highly diluted compound with x = 0.0005 from the literature 21 serves as reference for calculating the thermodynamic parameters within the framework of the mean-field model.
The thermal spin transition
In the neat crystal, the thermal spin transition is complete and quite steep with a transition temperature T 1/2 = 214 K in line with literature, 30 whereas for the diluted mixed crystals the thermal spin transition is also complete, more gradual but still surprisingly steep with transition temperatures T 1/2 = 210 and 212 K for x = 0.0005 and 0.31, respectively. The steeper thermal spin transition is generally attributed to the cooperative effects due to the large metal-ligand bond length difference, r HL = r HS − r LS , between the two spin manifolds of typically 0.2Å for iron(II) systems. 35 This essentially generates elastic stresses inside the lattice. Cooperative effects have been modeled by the superposition of both short-range and long-range interactions. The short-range component is statistically distributed and depends on the shape and distance between neighboring molecules. The long-range component is proportional to the average number of HS molecules per unit volume and is mediated by the lattice. 18, [36] [37] [38] [39] [40] [41] [42] In the present case, the shift in the thermal spin transition temperature as a function of Fe(II) concentration is relatively small. Simple thermodynamic considerations, detailed elsewhere, 36, 37 on the basis of the classical model of Slichter and Drickamer 39 within the mean-field approximation lead to the expression of Eq. (1) for the equilibrium constant for the mixed crystals of the title compounds and an inert host lattice of Zn(II):
where H 0 and S 0 are the standard enthalpy and entropy variations for the pure compound, is the interaction constant, and the lattice shift M introduces a correction to the enthalpy change for diluted systems, 42, 43 such that H x→0 = H 0 − M and S x→0 = S 0 for highly diluted title complex with x = 0.0005. Initially, H x→0 and S x→0 regarded as temperature independent within the temperature interval of the spin transition, were determined from a numerical least squares fit using Eq. (1) values are substantially different from the ones found by Adler et al. 44 based on the line shape analysis of Mössbauer spectra under external pressure of the neat compound. The present values, based on the dilute system as reference, are self-consistent and may be regarded as more accurate.
Photoinduced HS → LS relaxation
Photoinduced relaxation studies were performed as a function of laser power and temperature for [Fe(6-mepy) 3 tren](PF 6 ) 2 as well as for the mixed system [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 , x = 0.31. The details of the experimental setup and conditions were described above. Figure 3 shows photoexcitation curves in the form of a build-up of the HS fraction during excitation and relaxation curves after switching off the laser of both systems at 10 K for different laser powers ranging from nominally 0.7 to 12 mW. The indicated HS fractions were obtained by normalization of the observed value of OD with respect to the difference in the optical density of the HS and the LS species at the probe wavelength taken from the absorption spectra at 295 and 10 K, respectively. Three points are to be noted: (i) for the mixed compound, the HS → LS relaxation is considerably slower than for the neat compound; (ii) for the mixed compound, relaxation curves are close to single exponential, but for the neat compounds deviation from single exponential are evident; (iii) for the mixed compound, the light-induced HS fraction at the steady state γ SS HS increases much more rapidly with laser power than for the neat compound, and reaches almost quantitative conversion at the highest laser power, whereas for the neat compound, a steady-state HS fraction of only 0.23 is achieved. For the mixed system, γ SS HS was determined via the amplitude of the single exponential fit to the buildup. This is quantitatively shown in Fig. 4 . For the mixed system, this power dependence can be analyzed quantitatively, and this will be detailed in Sec. III B. The reason for not achieving higher HS fractions for the neat compound is twofold: in contrast to the mixed system for which the optical density at the irradiation wavelength was quite low, for the neat system, it was substantially larger than 1 for all iron centers in the LS state and still non-negligible for a hypothetical HS population of 100%. Thus the excitation light intensity is not homogeneous through the crystal and together with the faster relaxation results in a lower overall HS fraction for the neat compound at a given laser power. The deviations in the HS → LS relaxation curves from single exponential in the neat compound are due to several factors. First of all, of course, they are due to the cooperative effects, which in principle result in self-accelerated, sigmoidal relaxation curves. 18 However, in the present case, the sigmoidal character is outweighed by the above-mentioned light-induced concentration gradients, which smear out the sigmoidal character and precluded a quantitative evaluation of the relaxation curves in Fig. 3(a) . Nevertheless, qualitatively, Fig. 3(a) demonstrates the importance of cooperative effects. From the experimental relaxation curves, the initial rate constants at t 0 immediately after switching off the laser according to can be determined numerically. . This is in qualitative agreement with the self-acceleration of the HS → LS relaxation in concentrated iron(II) spin-crossover systems due to cooperative effects. 18 A quantitative analysis of these data will be presented in Sec. III B together with the discussion of the photocrystallographic results. 
B. Photocrystallographic study
As described in the experimental section, the photocrystallographic study was performed using the synchrotron based x-ray single crystal diffraction technique, allowing rapid collection of full data sets under continuous irradiation at 728 nm for different laser powers. Table I gives the data of the structure determination for [Fe(6-mepy) 3 tren](PF 6 ) 2 at 295 and 10 K without irradiation, and Table II lists corresponding relevant structural parameters as reference (see Fig. 1 inset for structure of the complex and atom labeling). In addition, Tables I and II contain the data for [Zn(6-mepy) 3 tren](PF 6 ) 2 and [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 , also at 10 K. For the latter, x was calculated from the average M-N (M = Zn or Fe) bond lengths at 10 K without irradiation and a value of x = 0.37(1) for the crystal investigated was obtained. This is somewhat larger than the value of 0.31 obtained on a bulk sample from a photometric determination, and may reflect some sample variability. In the following, the value of 0.37, which is specific for the crystal studied, will be used. All compounds crystallize in the orthorhombic space group P 2 1 2 1 2 1 with Z = 4, without any crystallographic phase transition between 295 and 10 K even for the neat spin-crossover system [Fe(6-mepy) 3 tren](PF 6 ) 2 . For this compound, the bond length 3 tren](PF 6 ) 2 . For the neat [Fe(6-mepy) 3 tren](PF 6 ) 2 crystal, the variation of the crystallographic parameters as a function of laser power (see Fig. 6 ) is sigmoidal in shape, which is attributed to the aforementioned cooperative effects. As the photocrystallographic study was performed on a very small and thin crystal such that the optical density at the irradiation wavelength was less than 0.15, and as it was placed in the He-cryostream for very efficient cooling, light-induced concentration gradients as well as temperature gradients are minimal. As mentioned above, no phase separation, no increase in diffuse scattering and only marginal broadening of the diffraction peaks were observed under irradiation. Therefore the cooperative effects can be modeled on the basis of the mean-field approximation, which is particularly justified in the present case because they are not too large and the continuous irradiation and relaxation actually establishes a random distribution of the HS and LS complexes in the steady-state type situation. The following differential equation is considered for the photoexcitation and relaxation processes:
where k ex and k HL are the excitation and the relaxation rate constant, respectively. At the steady-state, dγ HS /dt = 0, and accordingly,
where γ SS HS is the steady-state HS fraction, c is a proportionality constant, and P is the laser power such that k ex = cP . In dilute systems, k HL would just be a constant, but for neat and concentrated crystals, where cooperative effects are significant, the HS → LS relaxation rate constant in the mean-field approximation is given by 8, 18 
where α is the self-acceleration factor and k 0 is the rate constant at γ LS = 0.
Combining Eqs. (4) and (5) yields
For the neat compound, the experimentally determined average structural parameters under continuous irradiation are given according to Vegard's law:
where X HS and X LS are the values of the structural parameter under consideration for full HS and LS populations, respectively, and X HL is the corresponding difference for full conversion extrapolated to infinite laser power. X obs is the difference between the observed value of the structural parameter and the value of the LS state from the structure determination without irradiation. Introducing Eq. (7) into Eq. (6) yields
Numerical least-squares fits of the implicit Eq. (8) to the four experimental curves of Fig. 6 yield the three fit parameters X HL , α, and the scaling factor k 0 /c, with X LS fixed at the corresponding value taken from the structure determination without irradiation. The global fit to the four curves of Fig. 6 is excellent, and the corresponding values of the variation of the structural parameters V c ,
, and dis , as well as the value of the self-acceleration parameter α are given in Table III . The structural parameters can be directly compared to those obtained for the iron complex crystallized with PF 6 − as anion and the incorporation of toluene and acetonitrile as crystal solvent, for which the light-induced state is sufficiently long-lived to allow a determination of the crystal structure of the fully converted metastable HS state. 47 In particular, the agreement for r(Fe-N) = 0.192Å is excellent. For the other relevant parameters, the agreement is still very good, showing significant increases in
and dis . Whereas the value of r(Fe-N) is a hard value not much influenced by crystal packing effects, the others are much more susceptible to these effects. This is particular evident in d (Fe-N 7 ) , which increases significantly more in the more loosely packed reference compound with incorporated solvent molecules. A further point to discuss is the value of the self-acceleration factor α of 2.4, which is directly related to the value of interaction constant of 143 K extracted from the thermal spin transition curves. In the quantum-mechanical tunneling regime,
where S is the Huang-Rhys factor describing the relative horizontal displacement of the HS and the LS potential wells,hω is the average vibrational frequency of the totally symmetric stretch vibration, and n 0 is the zero-point energy difference, E 42, 43 H 0 (T →0) can be estimated to be around 1000 K for the present system, and thus the expected value of α lies between 2 and 3. This is in perfect agreement with the experimental value of 2.4. Even though the quality of the experimental data from optical spectroscopy shown in Fig. 5 for the neat iron(II) compound does not allow an independent determination of α, k Taken together, the analysis of the power dependent structural data based on the mean-field approximation gives an accurate picture of the molecular geometry of the comparatively short-lived metastable HS state in neat [Fe(6-mepy) 3 tren] (PF 6 ) 2 .
For the mixed system [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 , x = 0.37, cooperative effects are less pronounced and the evolution of the steady-state HS fraction γ SS HS as a function of laser power (see Fig. 4 ) follows the more conventional form given by Eq. (4) with a constant value of k HL . Despite this, cooperative effects cannot be fully neglected and Eq. (6) can be modified with a reduced value for the acceleration factor fixed at α x = xα such that
A least squares fit of Eq. (10) to the experimental data in Fig. 4 with only the scaling factor k 0 /c as fit parameter while keeping x = 0.37 and α = 2.4 fixed, as determined for the neat system, results in a perfect reproduction of the experimental data. For the observed structural parameters, 
and Eq. (8) 
A numerical least-squares fit of Eq. (12) to the experimental data of Fig. 7 with only X HL and the scaling factor k 0 /c as fit parameters, while keeping x = 0.37 and α = 2.4 fixed as above, gives the values for the different structural parameters listed in Table III.  Table III summarizes the structural parameters extrapolated to infinite laser power extracted from the mean-field model in case of neat [Fe(6-mepy) 3 tren](PF 6 ) 2 as well as for the diluted [Zn 1−x Fe x (6-mepy) 3 tren](PF 6 ) 2 , along with the reference Zn analogue and the long-lived solvated complex of [Fe(6-mepy) 3 tren](PF 6 ) 2 ·C 7 H 8 ·CH 3 CN. As the structure of [Zn(6-mepy) 3 tren](PF 6 ) 2 is similar to the HS [Fe(6-mepy) 3 tren](PF 6 ) 2 structure, the Zn-complex was chosen as the reference. All values are mutually compatible and indicate that the dynamic structure determination of the light-induced HS state for the neat as well as the mixed system is very accurate.
IV. CONCLUSIONS
As detailed in the introduction, crystal structures of lightinduced metastable HS states in spin-crossover compounds have been reported before. The key aspect of the present study is the determination of the light-induced HS structure of a system for which the lifetime of the metastable state is only few seconds. Despite this, a judicious choice of the irradiation wavelength in the tail of the absorption band in order to avoid light-induced concentration gradient, efficient cooling in a He gas jet in order to avoid temperature gradients, and a rigorous protocol to measure the evolution of the steady-state structure under continuous irradiation as a function of irradiation intensity, resulted in high-quality data sets. The evaluation of the power dependence using a mean-field approach allowed extrapolation of the lightinduced structure to an HS fraction of 100%. The extrapolated structural parameters are in very good agreement with those of the analogous zinc compound as well as with the related system having a lifetime of several hours at 10 K. The meanfield model parameters for the cooperative effects extracted from the dynamic photocrystallographic study and from the thermodynamic treatment of the thermal spin transition are in mutual agreement. The same protocol together with the corresponding reference structures also allowed an accurate determination of the molecular structure of the short-lived HS state in a mixed crystal. Thus by making use of the rapid collection of full data sets at synchrotron facilities, we have developed a general protocol for the accurate determination of comparatively short-lived light-induced molecular structures, with the potential to be applied to a variety of reversible photoactive systems.
